• Male prairie voles express bond loss via increased stress behavior and physiology.
Introduction
Social living is beneficial for many species, resulting in increased individual survival and fitness. One factor that contributes to such benefits is the anxiolytic effects of social contact with a bonded partner, referred to as social buffering [1] [2] [3] [4] [5] [6] . While healthy, disorder, post-traumatic stress, panic disorders, and general anxiety disorder [12] [13] [14] [15] [16] , the odds of a new or worsened physical illness can increase by 1:40 times [17, 18] , and mortality rates double for the surviving spouse in the first year [19] [20] [21] , with bereavement effects strongest immediately after social loss [21, 22] . Even after counseling, this population is at a greater risk for mental disorders [23, 24] . These negative effects may be due, in part, to the stress of losing a loved one, challenges of adapting to widowhood, loss of psychological, social, and economic resources, and social isolation and loneliness that can follow spousal loss. Thus, understanding the behavioral pathologies and neuroendocrine mechanisms that underlie the challenges to mental health and normal behavioral routines associated with social loss are important to improve treatment of subsequent mental disorders.
The socially monogamous prairie vole (Microtus ochrogaster) is a highly social rodent species that has been used to study the neurobiological mechanisms that govern social behaviors [25] [26] [27] [28] and consequences of social isolation [29] . Pair bonding in prairie voles reinforce social behavior through activation of the brain reward centers and stress buffering effects of close social contact [6, 25, [30] [31] [32] . These driving forces employ a number of neurochemical systems including oxytocin (Oxt), vasopressin (AVP), dopamine (DA), and corticotrophin-releasing hormone (CRH). In addition, the absence of social contact in prairie voles can promote a disruption to normal behavioral routines and biological functions that mimic symptomatology of depression and anxiety disorders in humans [33, 34] , though there are gender differences. Female prairie voles isolated from social contact from a same-sex sibling display behaviors relevant to depression and anxiety, observable after 4 days and up to 6 wk of isolation [33] [34] [35] [36] [37] [38] [39] . Interestingly, male prairie voles do not display robust behavioral abnormalities in result to isolation from a familiar same-sex conspecific [37, 40] ; however, separation from a female bonded partner can be rather distressing, affecting normal behavioral routines and biological function [40, 41] . Thus, bond loss in male prairie voles provide a model to characterize the impact that bereavement has on normal behavioral routines and function of neuronal systems.
The present study used male prairie voles to evaluate potential effects of partner loss on behavior, physiology, and neurochemistry. Previous studies have shown that 24 h mating reliably induces partner preference formation in most male prairie voles [42] [43] [44] [45] . In the current study, we used this paradigm to pre-screen our male subjects. Subsequently, these pair-bonded males were randomly assigned into one of two experimental groups that were either separated from or continuously housed with their partner for 4 wk to evaluate the impact that this form of social loss on anxiety-like, depression-like, and social behaviors. In addition, we investigated the changes that manifest in body weight, circulating hormones (Oxt, AVP, and corticosterone), and neurochemical systems sensitive to disruptions to the social environment (i.e., Oxt, AVP, DA, and CRH) in brain regions that synthesize these neurochemicals, including the paraventricular and supraoptic nucleus of the hypothalamus (PVN and SON, respectively), ventral tegmental area (VTA), and rostral zona incerta (ZIR). As 4 wk of partner separation led to disruptions in behaviors associated with pairbonding, we established a second cohort of males that were paired or separated from their female partner for 2 or 4 wk 2 to examine the effect of separation durations on partner preference expres- 2 Previous literature has demonstrated that after 24 h cohabitation, female prairie voles maintain a partner preference over an opposite-sex stranger for at least 2 wk, even in the absence of further exposure to the male mate [46] . Bosch and colleagues [38] demonstrated that 5-day paired males display a partner preference even after 5 days of separation from their female partner. Our pilot experiments confirmed that male prairie voles sustain a selective partner preference for 2 wk following the initial 24 h cohabitation, either with or without further exposure to their female mate (data sion. We predict that partner loss will induce a state of distress in male prairie voles that should manifest in increased anxiety-like and depression-like behaviors and physiology without impacting bond-related behaviors.
Materials and methods

Subjects
Male prairie voles (M. ochrogaster) were descended from populations in southern Illinois and captive-bred at Florida State University. Voles were weaned on postnatal Day 21 and housed with a same-sex conspecific in plexiglass cages (29 cm L × 18 cm W × 13 cm H) containing cedar chip bedding with food and water ad libitum. Colony rooms were maintained on a 14L:10D photoperiod (lights on at 07:00 h) and at a temperature range of 21 ± 1 • C. All experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee at Florida State University.
Experimental procedure
Experiment 1: behavior and neurochemistry after 4 wk partner loss
Sexually naïve males were weighted and paired with an ovariectomized, estrogen-primed female for 24 h then tested in a 3-h partner preference test (PPT), see details below. Males that displayed a partner preference were randomly divided into paired (n = 6) or separated (n = 7) group. Separation involved removing the male from the home cage and female partner and housing it in a new cage, identical to the size of the home cage, alone for 4 wk. In contrast, paired males were moved along with their female partner to a novel cage, similar to the separated males, and housed with their partner for the duration of the experiment. After 4 wk, an array of behavioral testing was conducted on males from both housing conditions to evaluate the impact of partner loss on anxiety-like, depression-like, and social behaviors (see below). Subjects received two behavioral tests each day with the morning test starting at 09:00 h and the afternoon at 15:00 h. Tested were conducted in the following order: Day 1 -open field (OF), light-dark box (LDB); Day 2 -affiliation test (AFF), resident-intruder test (RIT); Day 3 -elevated plus maze (EPM), and forced swim (FS). All tests were performed in an isolated behavior room maintained under similar temperature-and light-controlled environmental conditions as the colony rooms. To adapt to the environment, animals were brought to the testing room an hour before testing. Behaviors were videotaped and scored later by a single trained observer blind to condition using a computer-assisted data acquisition system (Jwatcher, http://www.jwatcher.ucla.edu). For all tests, the light in the room measured ∼300 lx, except LDB test during which the light in the room measured 850 lx. Subjects were returned to their home cages immediately after each behavioral test. The day after the last behavioral test (i.e. FS), subjects were perfused, and brains were harvested and stored at −80 • C until processed.
Experiment 2: partner preference and physiology during partner loss
A second cohort of males were established using the same paradigm as Experiment 1 in which males cohabitated with a female for 24 h then were tested in a 3-h PPT. Thereafter, they were randomly divided into 2 wk paired (n = 6), 2 wk separated (n = 6), not shown). Therefore, we utilized this 2 wk cohabitation/separation paradigm as a temporal control in the current study. 4 wk paired (n = 6), or 4 wk separated (n = 5) groups. Blood was collected and body weights were taken after 24 h, 2 wk, and 4 wk of separation, or time-matched for paired males (see details below). Males were tested for partner preference behavior using the PPT at the end of 2 wk or 4 wk of separation or pairing.
OF
Using an established method [47] , the 10-min OF test was conducted to evaluate exploratory and anxiety-like behaviors. Briefly, the plastic apparatus (56 cm L × 56 cm W × 20 cm H) was divided into 16 squares each measuring 14 cm 2 with a visual line grid. Each subject was placed into the center of the OF, and its behaviors were videotaped. Subsequently, anxiety-like behaviors (frequency of center entries and duration spent in the center or corners) and an index for locomotion (frequency of line crosses) were recorded.
LDB
The 15-min LDB test was conducted to evaluate anxiety-like behaviors. The LDB apparatus consisted of two plastic cages (29 cm L × 18 cm W × 13 cm H) that were visually distinct (white vs black) and connected to one another by a hollow tube (16 cm L × 7.5 cm radius). Subjects were placed in the dark box facing away from the opening. The amount of time spent in each cage and frequency of cage crosses were quantified.
AFF
The 60-min AFF test was conducted to evaluate social affiliative behaviors toward an unfamiliar opposite-sex conspecifics [47] . Briefly, the testing apparatus consisted of two plastic cages (29 cm L × 18 cm W × 13 cm H) connected by a hollow tube (16 cm L × 7.5 cm radius). One cage remained empty, and the other cage contained a loosely tethered stimulus animal (a unilateral ovariectomized/contralateral tubal ligated, estrogen-primed adult female at approximately 120 days of age). Subjects were placed in the empty cage facing away from the opening. A series of light beams across the tube and a customized computer program automatically recorded the duration spent in each cage. Affiliative (duration of side-by-side contact) and offensive aggressive (attacks, bites, and chases) behaviors were quantified by a trained observer blind to treatment.
RIT
The 10-min RIT was conducted to assess intruder-directed aggression toward an unfamiliar same-sex conspecific [43, [48] [49] [50] . Twenty-four h before the RIT (immediately following the LDB on Day 2), subjects, along with their partner if in the paired condition, were housed in a large clean cage (45 cm L × 25 cm W × 20 cm H) to allow for more movement during the RIT. On the test day, males were allowed to acclimate for 10 min in their home cage after their partner was removed, then the intruder was placed in the cage. Behaviors were recorded and scored for the duration and frequency of offensive aggression (attacks, bites, and chases), social investigation (nose and anogenital sniffing), and affiliative physical contact (side-by-side contact and allogrooming).
EPM
The 5-min EPM test was conducted to assess anxiety-like behaviors [32, 51] 
FS
The 5-min FS test was conducted to assess depression-like behavior [33] . A clear tank (45 cm L × 25 cm W × 20 cm H) was filled with tap water (23 ± 1 • C) to a depth of 13 cm. Passive-stress coping/depression-like behaviors (latency to first immobility, frequency of immobility bouts, and the total immobility duration) were quantified by a trained observer blind to treatment.
PPT
The 3-h PPT was an established behavioral test for pair bonding [50, [52] [53] [54] [55] . Briefly, the three-chamber apparatus consisted of a neutral cage (29 cm L × 18 cm W × 13 cm H) joined by plastic tubes (16 cm L × 7.5 cm radius) to two identical cages, each housing a stimulus vole. Male subjects were free to move throughout the apparatus; the stimulus voles were loosely tethered within separate cages to prevent direct contact with each other. During the 24 h, 2 wk, and 4 wk PPT, the familiar partner (the female that had previously been housed with the subject) and an opposite-sex conspecific stranger (a female that had not previously encountered the subject) were used as stimulus voles. Stimulus females were unilateral ovariectomized/contralateral tubal ligated, estrogen-primed. During the PPT, the amount of time the male spent side-by-side contact with the partner and the stranger was quantified.
Tissue preparation
Subjects were deeply anesthetized with sodium pentobarbital (0.1 mg/10 g body weight) and then transcardially perfused through the ascending aorta with 100 ml 0.9% saline, followed by 100 ml 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4). Brains were harvested, postfixed for 2 h in 4% paraformaldehyde, and then stored in 30% sucrose in PBS at 4 • C. Brains were cut into 40 m coronal sections using a sliding microtome.
CRH, Oxt, AVP, and TH immunohistochemistry
Four sets of floating sections at 240 m intervals were processed for CRH, Oxt, AVP, and tyrosine hydroxylase (TH) immunostaining using previously established protocols for light microscopy [49, 56] . Briefly, sections were rinsed in 0.1 M PB (PB) for 15 min 3 ; incubated in 1% NaHBO 4 in PB for 10 min; rinsed in PB for 15 min; incubated in 3% H 2 O 2 in PB in order to block endogenous peroxidase activity; rinsed in PB for 15 min; and blocked in 10% normal goat serum (NGS) in 0.5% triton-PB (TPB). Each set of sections was incubated with either CRH polyclonal goat IgG antibody (1:5k, Thermo Scientific, Inc., Rockford, IL), Oxt polyclonal rabbit IgG antibody (1:5k, gift from Dr. M. Morris, Wright State University), AVP polyclonal rabbit IgG antibody (1:8k, Millipore Corporation, Temecula, CA), or TH polyclonal rabbit IgG antibody (1:5k, Millipore Corporation, Temecula, CA) in 2% NGS in TPB overnight at 4 • C. Thereafter, sections were rinsed in TPB for 15 min and incubated in a solution containing biotinylated goat anti-rabbit secondary antibody (for Oxt, AVP, CRH, or TH) (1:300 Vector Laboratories, Inc., Burlingame, CA) for 2 h and then in ABC complex (Vector Laboratories, Inc.) for 90 min. Lastly, sections were stained with Nickel-DAB (Vector Laboratories, Inc.) and mounted on slides and cover-slipped. In order to control for variability, all sections for each staining were processed simultaneously. All microscope slides were coded to disguise the treatment condition until data quantification was completed. CRH, AVP, and Oxt densities were measured in the PVN and SON, and TH density was measured in the ZIR and VTA. Density for all stained cells were quantified across three sections and averaged for each vole.
Blood and body weight collection
Prairie voles were weighed then anesthetized using isoflurane via a precession vaporizer at 1-4% isoflurane with 0.5-3 l/min oxygen, delivered via inhalation. Before the vole was placed in the isoflurane induction chamber, 1 drop of proparacaine hydrochloride ophthalmic solution (0.5%) was placed into the eye to be bled for post-procedural analgesia. Blood (animal's body weight [gm] × 0.01 = maximum volume [ml]) was collected from the retroorbital (RO) sinus with a heparinized end-to-end capillary within a minute by a skilled individual between 09:00 and 10:00 h. Blood was immediately transferred into a chilled microcentrifuge vial containing EDTA (4 l per 100 l blood) and stored on ice. Blood was then centrifuged at 6000 rpm for 15 min at 4 • C, plasma will be aspirated, and then centrifuged at 6000 rpm for 10 min at 4 • C. The second centrifugation is important to reduce damage during incubation and from preventing particular elements that during thawing may be disrupted releasing enzymes that could damage hormones in the sample [57] . Plasma was separated from sediment and transferred to a microcentrifuge vial and stored at −80 • C until assayed.
Hormonal assays
Plasma Oxt (1:8), AVP (1:4), and corticosterone (1:1000) were each measured (in duplicates) using commercial kits previously used and validated in prairie voles [32, 40, 51, 58, 59] . The detecting limits of the kits were 11.7 pg/mL for Oxt (ADI-900-153, Enzo Life Sciences, Farmingdale, NY), 3.39 pg/ml for AVP (ADI-900-017, Enzo Life Sciences, Farmingdale, NY), and 7.7 ng/ml for corticosterone (07120102, MP Biomedicals, Orangeburg, NY). The intra-assay and inter-assay coefficient of variation (CV) were 2.55% and 5.01% for Oxt and 3.98% and 3.82% for AVP, respectively. The intra-assay for corticosterone was 2.54%, and no inter-assay CV was calculated for corticosterone samples as all samples were measured in a single assay.
Data analysis
Data were analyzed using IBM SPSS Statistics 19 (SPSS, Inc., an IBM Company) and were expressed as mean ± SEM. Behaviors displayed during the PPT were analyzed with a mixed-model ANOVA with social condition (2 wk paired, 2 wk separated, 4 wk paired, vs 4 wk separated) and female stimuli (partner vs stranger) as the two factors. In addition to the raw data, several variables were calculated for body weight and plasma CORT, Oxt, and AVP concentrations to determine the change in these measures over time during the partner separation or pairing period (measured at 24 h, 2 wk, and 4 wk). These variables were calculated using standard equations previously described [60, 61] and include: Area under the curve with respect to ground (AUC G or area under the curve with respect to zero), Area under the curve with respect to increase (AUC I or area under the curve with respect to the value at 24 h separation), and reactivity (peak value minus the value at 24 h separation) 4 . Significant group differences (p < 0.05) were further assessed with a Student-Newman-Keuls post-hoc test. All other behaviors, hormonal, body weight, and neurochemical measures were analyzed 4 AUC and reactivity are common computations in endocrinological and neuroscience research to dissect information about changes in a biological marker that can be gleaned from repeated measurements over a specific period [60] [61] [62] . AUCG reflects the total body weight or amount of hormonal output of a vole during the 4 wk period. AUCI designates the sensitivity of voles to separation/pairing by emphasizing the significant change in the body weight or hormonal concentrations over the 4 wk period as it relates to the initial value after 24 h separation/pairing. Reactivity reflects the peak change in body weight or hormonal concentrations during the 4 wk separation/pairing period from the value measured after 24 h separation/pairing. using Independent Sample's T-test (4 wk paired vs 4 wk separated). All alpha levels were set at p < 0.05.
Results
Experiment 1: behavior and neurochemistry after 4 wk partner loss
Anxiety-like behaviors
Anxiety-like behaviors in the EPM and LDB tests were elevated in the 4 wk separated males as compared to the 4 wk paired males (Fig. 1) . Specifically, males separated from their female partner for 4 wk delayed their entry into the open arm (t 11 = 2.42, p < 0.05, Fig. 1A ), had less percentage of open arm entries (t 11 = 2.42, p < 0.05, Fig. 1B) , and had more percentage of time spent in the closed arms (t 11 = 2.53, p < 0.05, Fig. 1C ). In addition, separated males spent significantly more time in the dark box (t 10 = 3.13, p < 0.05) and less time in the light box (t 10 = 3.223, p < 0.01) during the LDB test compared to paired male (Fig. 1E) . No behavioral differences between groups were observed during the OF test (center entry: paired 16.17 ± 3.55, separated 17.00 ± 5.49; center duration: paired 114.17 ± 25.44 s, separated 82.92 ± 16.28 s). No differences were observed in locomotor activities during the EPM (Fig. 1D) , LDB (Fig. 1F) , or OF tests (line crosses: paired 262.50 ± 30.08, separated 249.17 ± 52.86).
Depression-like behaviors
Four weeks of separation from the partner also affected depression-like behavior. Separated males became immobile more quickly than paired males during the FS test (t 11 = 2.85, p < 0.05, paired 115.08 ± 20.46 s, separated 40.80 ± 16.59 s), though other measures of immobility such as frequency (paired 9.33 ± 5.14, separated 12.57 ± 3.34) and duration (paired 18.17 ± 8.31 s, separated 24.50 ± 14.88 s) were similar among all males.
Social behaviors
The behavioral phenotype for a pair-bonded male prairie vole includes a selective preference and affiliation toward their female partner and robust aggression toward intruding male and female stranger conspecifics. Yet, males separated from their female partner for 4 wk did not display these discriminating social behaviors. While males separated for 4 wk interacted with the unfamiliar female conspecific for a similar duration as the paired males during the AFF test ( Fig. 2A) , the separated males were signif- icantly less aggressive (t 11 = 3.46, p < 0.05) and displayed more non-agonistic body contact (t 11 = 4.31, p < 0.005) with the stranger female than paired males (Fig. 2B) . A similar behavioral pattern emerged during the RIT, separated males were more affiliative (frequency: t 11 = 5.01, p < 0.001; duration: t 11 = 3.42, p < 0.05) and less aggressive (frequency: t 11 = 3.45, p < 0.005; duration: t 11 = 6.09, p < 0.005) than paired males ( Fig. 2C and D) . In addition, separated males displayed more nose-to-nose (frequency: t 11 = 4.01, p < 0.005; duration: t 11 = 2.73, p < 0.05) and nose-to-anogenital (frequency: t 11 = 3.22, p < 0.01) olfactory investigation than paired males ( Fig. 2E and F) .
Neurochemistry
Partner loss affected the cell density of select neuropeptides. Fig. 3 shows an example of CRH-immunoreactivity (-ir), Oxt-ir, AVP-ir, and TH-ir density in brain regions that synthesize these neurochemicals. In separated males, CRH-ir density was significantly more in the PVN (t 11 = 2.23, p < 0.05) but not to the SON compared to paired males (Fig. 4A ). There were more Oxt-ir cells in the PVN (t 11 = 2.97, p < 0.05) and SON (t 11 = 3.40, p < 0.01) in separated males compared to paired males (Fig. 4B) . In addition, separated males has more AVP-ir cells in the PVN (t 11 = 2.41, p < 0.05) but not the SON compared to paired males (Fig. 4C) . No group difference for THir, a rate limiting enzyme for DA synthesis, density was observed (Fig. 4D) . 
Body weight and hormonal concentrations
Body weight and the concentrations of circulating hormones were altered by partner loss (Table 1) . Specifically, separated males gained more weight over the 4 wk period compared to the paired males, as indicated by the significant difference in body weight reactivity (t 9 = 4.71, p < 0.001) and AUC i (t 9 = 4.00, p < 0.005). Still, no difference in raw body weight between separated and paired males were observed after 24 h, 2 wk, or 4 wk of housing. In addition, separated males had elevated plasma corticosterone concentrations starting after 24 h separation (t 9 = 2.41, p < 0.05) and persisting through 2 wk (t 9 = 2.84, p < 0.05) and 4 wk (t 9 = 3.86, p < 0.005) separation. This was further highlighted with separated males having a significantly greater AUC G value, indicating a greater total hormonal output, compared to paired males (t 9 = 4.66, p < 0.001). No group differences were observed for any of the values measured for plasma Oxt or AVP concentrations throughout the 4 wk testing period.
Discussion
Bond loss in humans is accompanied by negative emotional states and can catalyze much of the depression and anxiety symptomology that follows such social disruption [63] . Recent studies indicate male prairie voles express many similar depressive symptomology to humans undergoing social loss [40, 41] . We extend this research to evaluate the impact of bond loss in male prairie voles on behaviors and neurochemical systems that are necessary to maintain a social bond, and in doing so, define the prairie vole as a valuable model for studying the characteristics and neurobiology of bond loss. Consistent with our hypothesis, male prairie voles separated from their female partner over 4 wk displayed anxiety-like and mild depressive-like symptomology that has been associated with social isolation in many gregarious species [33, [64] [65] [66] [67] [68] but * Note: Indicates a significant group difference, p < 0.05. Body weight and hormonal concentrations were measured in male prairies after either 4 wk of pairing (n = 6) or separation (n = 5) from female partner. Hormones include corticosterone (CORT), oxytocin (Oxt), and vasopressin (AVP). Reactivity = greatest deviation from the 24 h housing condition (value measured during 2 or 4 wk housing condition) minus value at 24 h housing condition. Area Under Curve-Ground (AUCG) = area under the curve with respect to zero, and AUC-Increase (AUCI) = area under curve with respect to the value at 24 h separation.
has not been observed in male prairie voles separated from samesex conspecifics, with the exception of depressed sucrose intake [37, 40] . Rather unexpectedly, certain pair bonding behaviors were absent after 4 wk of separation, though remained after 2 wk of separation. These changes to behavior were coupled with altered expression of CRH, Oxt, and AVP-neurochemicals involved with various aspects of social bonding and distress in prairie voles.
One limitation of the current study is that we did not evaluate the impact of social isolation separately from bond loss. However, previous literature has systematically weighed the sex-specific impact that social isolation has on prairie vole behavior, physiology, and neurochemistry. Both adolescent and adult female prairie voles isolated from a same-sex sibling or conspecific display an increase in behaviors relevant to depression and anxiety, observable after 4 days and up to 6 wk of isolation [33] [34] [35] [36] [37] [38] [39] . In contrast, male prairie voles response to social isolation in an age-dependent manner, with the exception of depressed sucrose intake [37, 40] . Males chronically isolated during adolescence (6 wk post-weaning) displayed more anxiety-related behaviors and had enhanced gene expression for AVP, Oxt, CRF, and TH in the PVN [47] . In contrast, adult male prairie voles separated from same-sex conspecifics (for 5 days to 4 wk) do not display robust behavioral defects or changes to body weight, peripheral hormones (i.e., plasma Oxt, AVP, ACTH, testosterone, and corticosterone), or neurochemical expression (i.e., Oxt-ir and CHR-ir density in the PVN) [37, 40, 58, 69] . An ecological explanation could be chronic social isolation is an aberrant experience for juvenile male prairie voles, who remain in the parental nest surrounded by extended family members [70, 71] , but a normal aspect of adult life for male prairie voles, as 45% of adult males are not a part of a resident group during the breeding season which is approximately 50-75% of the year [72] [73] [74] .
Despite a relative resilience to social isolation, after female partner loss, adult male prairie voles develop symptoms resembling bond loss in humans. Bosch and colleagues [40] initially observed these effects when evaluating the impact that separation from a same-versus opposite-sex conspecific has on passive coping behavior and CRH expression in male prairie voles [75] [76] [77] . Our data expand upon these findings to demonstrate that male prairie voles experiencing partner loss also display increased anxiety-like behaviors in the EPM and LDB tests, greater body weight gains, augmented cell density for CRH-ir, Oxt-ir, and AVP-ir in the PVN, and increased plasma corticosterone concentrations with no change to circulating Oxt or AVP levels. Of course, these data do not account for any impact that previous test history had on the outcome of subsequent tests, an issue to be addressed in future research as several of the behavioral tests were conducted with an inter-test interval that was less than 24 h (e.g., OF and EPM; LDB and FS; AFF and RIT). Still, it is intriguing to note that people grieving the loss of a significant other are reported to be at risk for suffering from major depressive disorder, post-traumatic stress, panic disorders, and general anxiety disorder [12] [13] [14] [15] [16] , and clinical evidence has associated these various mental health disorders with dysregulated CRH, Oxt, and AVP systems [78] [79] [80] [81] [82] . Thus, bond loss in male prairie voles provides a model to characterize the neuroendocrine mechanisms governing the impact of bereavement on normal behavioral routines and emotional states.
Prairie vole pair bonding behaviors have been extensively characterized in the laboratory. Following extended cohabitation, male prairie voles display a selective social preference for their familiar partner [52, 70, 72, 73, [83] [84] [85] and an increased aggression toward intruding conspecifics [43, 44, [48] [49] [50] 56, 86] . In our study, males displayed a partner preference after 2 wk of separation from their female partner, but not after 4 wk of separation. Previous research has determined that bonded males will maintain their partner preference after 5 days of separation from a female partner [40] . This coincides with field observations that indicate after pair bonding, over 75% of prairie voles will maintain that bond throughout life [70, 87] , and even after the death of or abandonment by the female partner, roughly 80% of males never acquire new mates [73] . Based on our data, pair status after partner loss may not be affected by long-term maintenance of pair bonding behavior, given partner preference and intruder aggression were extinguished after 4 wk of partner loss. Thus, our data are the first evidence of such timedependent dissolving of partner preference behavior in prairie voles.
Pair bonding that induces partner preference also induces selective intruder-directed aggression [43, 86, 88] , which serves as a territorial and mating-guarding response [89] . Males separated from their female partner for 4 wk displayed low aggression and high affiliation toward unfamiliar female conspecifics in a neutral environment and unfamiliar male conspecifics in the home cage, a behavioral pattern resembling the non-discriminating sociality of sexually naïve, non-bonded male prairie voles [90] . Isolationinduced aggression has been observed in several species [91] [92] [93] [94] , including in female prairie voles [37] . However, adult male prairie voles isolated from a same-sex conspecific for 4 wk do not display altered aggressive behavior during a RIT compared to males housed with a same-sex conspecific [37] . Therefore, the decrease in aggressive behavior during the RIT observed in the current study is unlikely a result of social isolation but rather due to a dissolving of the pair-bond.
Pair bonding in prairie voles reinforces social behavior through employment of a number of neurochemical systems including CRH, Oxt, AVP, and DA. For example, male vole bond formation is promoted via stress-induced hypothalamic-pituitaryadrenal (HPA) axis activity, and more specifically, increased CRH neural activity [95] [96] [97] . CRH treatments can facilitate partner preference formation in male prairie voles [98] . However, blocking CRH receptors pharmacologically does not prevent the display of partner preference after it has formed, even in male prairie voles separated from their female partner [40] . Thus, the increase in CRH-ir in the PVN associated with bond loss in this study may not affect the lack of partner preference behavior. Still, separation from same-sex conspecifics does not affect CRH-ir or CRH mRNA in the PVN in male prairie voles [37, 40] . For that reason, the increase in CRH-ir cells in the PVN in males may be facilitated by the loss of the partner, rather than simply the social isolation. Individuals with depression experience increased cortisol in circulation [99, 100] , CRH-expressing neurons in the PVN in depressed individuals [78] , and synergetic interaction between CRH and AVP [78] [79] [80] 101] . Therefore, increased circulating corticosterone and increased CRH-ir and AVP-ir density in the PVN could be ascribed to chronic stress and hyperactivity of the HPA axis in male prairie voles experiencing partner loss.
In addition, social separation from a same-sex conspecific does not affect Oxt-ir or AVP-ir density in the PVN in male prairie voles [35, 37] , but our data indicate partner loss increases Oxt-ir and AVPir density in the PVN, without effecting DA expression, as measured by TH-ir cell density, in the VTA or ZIR. AVP and Oxt in the PVN are released into limbic areas, either via afferent projections or diffusion through extracellular fluid, where their effects on male prairie vole pair bonding behavior has been reported [28] , including partner preference [102, 103] and intruder-directed aggression [43, [48] [49] [50] . Still, Oxt-ir and AVP-ir density do not reflect species differences in social or mating systems in the Microtus genus, rather it is changes to receptor distribution and activity [56] . An increase in the number of cells that are immunoreactive for these neuropeptides could translate to a decrease in release and limited receptor activity, rather than an increase in production. If this is the case, a change in Oxt-ir and AVP-ir density in the PVN, spurned by partner loss, could reflect a neurochemical mechanism of pair bond disruption. Furthermore, an increase in Oxt-ir and AVP-ir in the PVN and Oxt-ir in the SON could reflect a significant surge of the peripheral release of these neuropeptides as a portion of each is released from these brain regions into systemic circulation through the posterior pituitary [104, 105] . However, plasma Oxt and AVP concentrations throughout the 4 wk of partner loss were not altered, similar to chronic social isolation [37, 58] . Thus, any effects of the Oxt and AVP systems on male social behaviors would have arisen from a central mechanism.
Ultimately, it may be more adaptive, than maladaptive, to relinquish versus maintain a bond after social loss, or permanent social separation [106, 107] . This is highlighted by the consequences of complicated grief and other mental disorders that may arise after lingering intense attachments after social loss [12] [13] [14] [15] [16] . It remains unclear which underlying processes are related to adaptive or maladaptive bereavement outcomes. Prairie voles have already been used as a model to evaluate the effects of social isolation. While this form of social stress is adequate to induce a distressing state for female prairie voles, males display more resilience. Two recent studies demonstrated that male prairie voles are negatively affected by partner loss, displaying similar depressive-like symptoms [40, 41] . Our study attempts to expand among these findings to evaluate a broader array of behaviors, physiology, and neurochemistry that may be susceptible to effects of partner loss. As a result, we have observed male prairie voles do in fact display maladaptive behaviors, reflective of depression or anxiety symptomology, as well as experience a time-dependent dissolving of their social bonds, all concomitantly occurring with neurochemical changes. Together, our data provide an evaluation of the behavioral consequences and neurochemical correlations associated with loss of social partner, and further research using this model should render a better understanding of the neurobiology underlying partner loss and grief.
